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(57) ABSTRACT

To provide a sensor equipped and in-wheel motor incorpo-
rated bearing device for a vehicle wheel, which is capable of
accurately detecting a rotating condition of a vehicle drive
wheel and is effective to accurately control an electric drive
motor or an automotive vehicle, the sensor equipped and
in-wheel motor incorporated bearing device includes a wheel
support bearing assembly for rotatably supporting a hub of
the vehicle drive wheel, an electric drive motor providing a
rotation device source for the vehicle drive wheel, and a speed
reducing mechanism interposed between the electric drive
motor and the wheel support bearing assembly. A rotation
detecting device is also provided for detecting the rotation of
an output shaft of the speed reducing mechanism.
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SENSOR-EQUIPPED BEARING DEVICE FOR
WHEEL HAVING INTEGRATED IN-WHEEL
MOTOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a national phase application, under 35
U.S.C. 371, of international application No. PCT/JP2010/
072442, filed on Dec. 14, 2010, which claimed priority to
Japanese Patent Application No. 2009-288914, filed on Dec.
21, 2009, the disclosures of which are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a sensor equipped and
in-wheel motor incorporated bearing device for the support of
avehicle wheel, including a wheel support bearing assembly,
a speed reducing mechanism and an electric drive motor
combined together, in which a rotation detecting device for
detecting the number of revolutions of a vehicle drive wheel
is provided.

2. Description of Related Art

As a control scheme for controlling the travelling stability
of an electrically powered vehicle utilizing in-wheel motor
incorporated wheel support bearing devices, each employing
a combination of a wheel support bearing assembly, a reduc-
tion gear mechanism and a brake, the use has been suggested
of'a sensor for measuring forces acting in three axis directions
perpendicular to the point of contact between the drive wheel
and the road surface, from a condition of at least one of the
wheel support bearing assembly, the electric drive motor, the
reduction gear mechanism and the brake. In this connection,
see the patent documents 1 listed below.

[Patent Document 1] JP Laid-open Patent Publication No.
2008-74135

[Patent Document 2] JP Laid-open Patent Publication No.
2008-249353

SUMMARY OF THE INVENTION

The in-wheel motor incorporated wheel support bearing
device of the type referred to above, the electric drive motor
makes use of a rotation detecting device for control purpose.
However, since an output of the electric drive motor is trans-
mitted to a wheel support bearing assembly through a speed
reducing mechanism, the rotational characteristic of the elec-
tric drive motor tends to be different from that of the wheel
support bearing assembly. For this reason, the torque trans-
mitted from a drive wheel to the electric drive motor through
the speed reducing mechanism fails to be accurately trans-
mitted to a rotor of the electric drive motor. Accordingly, the
torque on the drive wheel will not be faithfully reflected on a
detection signal of the rotation detecting device, which
detects the number of revolutions of the electric drive motor.
Rather, the signal detected by the rotation detecting device in
this case tends to represent the signal, which involves uneven-
ness in rotation of the electric drive motor.

Accordingly, if the rotation of a vehicle drive wheel is
observed with the use of the detection signal of the rotation
detecting device installed in the electric drive motor, difficul-
ties have hitherto been encountered in detecting an accurate
rotating condition.

Also, if the conventional standard rotation detecting device
for a vehicle wheel is employed in order to observe the vehicle
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drive wheel, the rotation detecting capability is insufficient to
such an extent that no precise rotation detection can be
accomplished, because the resolving power of that rotation
detecting device is about 40 to 50 pulses per complete revo-
lution of the vehicle drive wheel. In view of this, in order to
precisely control the electric drive motor and/or an automo-
tive vehicle itself in the electrically powered vehicle employ-
ing the in-wheel motor incorporated wheel support bearing
device, a function of accurately detecting the rotating condi-
tion of the vehicle drive wheel is needed.

It is to be noted that the patent document 2, listed above,
suggests a rotation detecting device of a type, which is uti-
lized in combination with a sensor having a magnetic encoder
and a multiplying function to perform the rotation detection at
a high resolving power and an error in a multiplying circuit is
cancelled to enable the rotational velocity to be detected, but
nothing has been suggested to use such a rotation detecting
device in the in-wheel motor incorporated wheel support
bearing device.

In view of the foregoing, the present invention has for its
primary object to provide an in-wheel motor incorporated,
sensor equipped wheel support bearing device, which is
capable of accurately detecting the rotating condition of the
vehicle drive wheel and which is effective in precisely con-
trolling an electric drive motor and/or an automotive vehicle.

In order to accomplish the foregoing object, the sensor
equipped and in-wheel motor incorporated bearing device for
the support of a vehicle wheel, which is designed in accor-
dance with the present invention, includes a wheel support
bearing assembly for rotatably supporting a hub of a vehicle
drive wheel; an electric drive motor forming a rotation drive
source for the vehicle drive wheel; a speed reducing mecha-
nism interposed between the electric drive motor and the
wheel support bearing assembly; and a rotation detecting
device for detecting the rotation of an output shaft of the
speed reducing mechanism. With the sensor equipped and
in-wheel motor incorporated bearing device so constructed as
hereinabove described, in which the rotation detecting device
for detecting the rotation of the output shaft of the speed
reducing mechanism is provided, a rotating condition of the
vehicle wheel can be accurately detected. Accordingly, it is
possible to accurately estimate a condition of the road surface
and/or a condition of contact of the vehicle drive wheel and
the road surface and does, therefore, become effective to
accurately control an electric drive motor and/or an automo-
tive vehicle.

In the present invention, the rotation detecting device
referred to above preferably include an encoder provided in a
rotatable raceway ring of the wheel support bearing assembly
or a member integral with such rotatable raceway ring and
having a plurality of to-be-detected magnetic poles arranged
equidistantly in a circumferential direction; a sensor provided
in a stationary raceway ring of the wheel support bearing
assembly or a member integral with such stationary raceway
ring for detecting the to-be-detected magnetic poles of the
encoder to generate pulses; and a multiplying section for
multiplying the pulses, generated by the sensor, to form mul-
tiplied pulses. In the case of this construction, the multiplied
pulses are formed by multiplying pulses generated by the
sensor, with the use of the multiplying section and, therefore,
the rotation detection of the vehicle drive wheel can be per-
formed with a high resolution.

In the present invention, the rotation detecting device may
include a velocity detecting section for detecting, each time
the multiplying section forms a multiplied pulse, an average
velocity of the encoder during the interval in the past, in
which the latest pieces of the multiplied pulses have been
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formed. The number of the pieces of the multiplied is equal to
a multiplication factor by which the pulses formed in the past
have been multiplied. In the case of this construction, the
rotational velocity can be detected with an error in a multi-
plying circuit being cancelled and, accordingly, the rotational
velocity of the vehicle drive wheel can be detected with a high
resolution.

In the present invention, the use may be made of a contact
condition detecting section for calculating a change in rota-
tional velocity detected by the rotation detecting device and
then outputting information descriptive of a condition of con-
tact of the vehicle drive wheel with a road surface.

In the case of the construction described above, the condi-
tion of the road surface and/or the condition of contact of the
vehicle drive wheel and the road surface can be accurately
estimated. Also, if the information obtained from the contact
condition detecting section is used in controlling the automo-
tive vehicle and/or the electric drive motor, the safety factor
and the economical efficiency can be increased.

In the present invention, the use may be made of a brake for
applying a brake force to the hub of the vehicle drive wheel,
in which case the contact condition detecting section is oper-
able, in addition to the calculation of the change in rotational
velocity, to output information descriptive of the contact con-
dition by means of utilizing respective estimated values or
respective measured values of a drive torque of the electric
drive motor and a brake force acting on the brake. In the case
of'this construction, it is possible to determine, from the drive
torque of the electric drive motor and the brake force acting on
the brake, under what driving condition the change in rota-
tional velocity calculated through the calculation performed
by the contact condition detecting section is developed
Accordingly, the estimating accuracy of, for example, the
condition of the road surface can be improved.

Inthe present invention, an output cable extending from the
rotation detecting device and an output cable extending from
the electric drive motor may be bundled together. In the case
of this construction, since the output cable of the rotation
detecting device and the output cable of the electric drive
motor can be drawn outwardly from one and the same site in
a bundled form and, accordingly, wiring of the cables can be
facilitated, accompanied by the increase of the reliability.

In the present invention, an encoder of the rotation detect-
ing device may be provided between a plurality of rows of the
rolling surfaces in the wheel support bearing assembly.

In the present invention, the encoder of the rotation detect-
ing device may be provided in an inboard end of the wheel
support bearing assembly.

In the present invention, the encoder of the rotation detect-
ing device may be provided as a part of a sealing member used
to seal an inboard end of an annular space delimited between
a stationary raceway ring and a rotatable raceway ring, both
raceway rings forming respective parts of the wheel support
bearing assembly.

In the present invention, the encoder of the rotation detect-
ing device may be provided on an output shaft of the speed
reducing mechanism.

In the present invention, the use may be made of a current
sensor for measuring a current value of the electric drive
motor and a load estimating section for estimating a action
force, acting on the point of contact of the vehicle drive wheel
with a road surface in a direction parallel to a direction of
travel, from an output of the current sensor. Since the amount
of electric current flowing through the electric drive motor
varies depending on the magnitude of the action force acting
onthe point of contact of the vehicle drive wheel with the road
surface in a direction parallel to the direction of travel, the
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magnitude of the above described action force can be calcu-
lated if the relation between the action force and the amount
of' the electric current is determined beforehand by means of
a series of experiments and/or simulations. The load estimat-
ing section referrers to the relation between the action force
and the amount of the electric current, so determined by
means of the experiments and/or simulations, to calculate
from the output of the current sensor, the action force acting
on the point of contact between the vehicle drive wheel and
the road surface in the direction parallel to the direction of
travel. The action force acting in the direction parallel to the
direction of travel can be determined accurately in this way.

In the present invention, the use is preferably recom-
mended of a brake for applying a brake force to a hub of the
vehicle drive wheel, a braking force sensor for measuring the
brake force applied to the brake, and a load estimating section
for estimating a action force, acting on the point of contact of
the vehicle drive wheel with a road surface in a direction
parallel to a direction of travel, from an output of the braking
force sensor. Since the magnitude of the brake force (that is,
abraking force) to be applied to the brake varies depending on
the magnitude of the action force acting on the point of
contact between the vehicle drive wheel and the road surface
in the direction parallel to the direction of travel, the magni-
tude of the above described action force can be calculated if
the relation between the action force and the brake force is
determined beforehand by means of a series of experiments
and/or simulations. The load estimating section referrers to
the relation between the action force and the brake force, so
determined by means of the experiments and/or simulations,
to calculate from the output of the brake force sensor, the
action force acting on the point of contact between the vehicle
drive wheel and the road surface in the direction parallel to the
direction of travel. The action force acting in the direction
parallel to the direction of travel can be determined accurately
in this way.

In the present invention, the use may be made of a strain
sensor provided in a stationary raceway ring of the wheel
support bearing assembly for measuring a strain occurring in
the stationary raceway ring and a load estimating section for
estimating, from an output of the strain sensor, at least an
action force acting in one axis direction of action forces acting
on the point of contact of the vehicle drive wheel with a road
surface in three axis directions that are perpendicular to each
other. Since the change in axially acting strain occurring in
the vehicle drive wheel varies depending on the magnitude of
the axially acting action force, which acts on the point of
contact between the vehicle drive wheel and the road surface,
the magnitude of the above described action force can be
calculated if the relation between the action force and the
axially acting strain is determined beforehand by means of a
series of experiments and/or simulations. The load estimating
section referrers to the relation between the action force and
the axially acting strain, so determined by means of the
experiments and/or simulations, to calculate from the output
of the axially acting force sensor, the action force acting on
the point of contact between the vehicle drive wheel and the
road surface in the axial direction. The action force acting in
the axial direction can be determined accurately in this way.

In the present invention, the use may be made of at least
three or more strain sensors provided in a stationary raceway
ring of the wheel support bearing assembly for measuring
strains in the stationary raceway ring and a load estimating
section for estimating, from respective outputs of the strain
sensors, action forces acting on the point of contact of the
vehicle drive wheel with a road surface in three axis direc-
tions.
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BRIEF DESCRIPTION OF THE DRAWINGS

In any event, the present invention will become more
clearly understood from the following description of pre-
ferred embodiments thereof, when taken in conjunction with
the accompanying drawings. However, the embodiments and
the drawings are given only for the purpose of illustration and
explanation, and are not to be taken as limiting the scope of
the present invention in any way whatsoever, which scope is
to be determined by the appended claims. In the accompany-
ing drawings, like reference numerals are used to denote like
parts throughout the several views, and:

FIG. 1 is a schematic diagram showing a sensor equipped
and in-wheel motor incorporated bearing device for the sup-
port of a vehicle wheel, which is designed in accordance with
a first preferred embodiment of the present invention;

FIG. 2 is a sectional view showing a wheel support bearing
assembly and a speed reducing mechanism, both employed in
the sensor equipped and in-wheel motor incorporated bearing
device shown in FIG. 1;

FIG. 3 is a cross sectional view taken along the line in FIG.
2;

FIG. 4 is a sectional view showing a portion of FIG. 3 onan
enlarged scale;

FIG. 5 is a sectional view showing a brake employed in the
bearing device shown in FIG. 1;

FIG. 6 is a block diagram showing a schematic structure of
arotation detecting device employed in bearing device shown
in FIG. 1;

FIG. 7A is a sectional view showing a half part of an
encoder employed in the rotation detecting device shown in
FIG. 6;

FIG. 7B is a perspective view of the encoder shown in FIG.
TA,

FIG. 8A is a sectional view showing a half part a modified
encoder employed in the rotation detecting device shown in
FIG. 6;

FIG. 8B is a perspective view of the modified encoder
shown in FIG. 8A;

FIG. 9 is a block diagram showing a velocity detecting
section employed in the rotation detecting device shown in
FIG. 6;

FIG. 10 is a block diagram showing a pulse generating
timing storage section and a velocity calculating section, both
employed in the velocity detecting section shown in FIG. 9;

FIG. 11 is an explanatory diagram showing the operation of
a differential calculating unit employed in the velocity calcu-
lating section shown in FIG. 10;

FIG. 12 is a chart showing a change in velocity, obtained
from the velocity calculating section, shown in comparison
with a change in velocity obtained by the conventional
method;

FIG. 13 is a chart showing plots of detected velocities,
obtained by the use of complete multiplied pulses, shown in
comparison with plots of detected velocities obtained with no
multiplied pulse being used;

FIG. 14 is ablock diagram showing a control system of the
wheel support bearing device;

FIG. 15 is a sectional view showing, on an enlarged scale,
a sensor mounting portion of the bearing device shown in
FIG. 1, where an axially acting strain sensor of the wheel
support bearing device is mounted;

FIG. 16 is a front elevational view showing an outer mem-
ber of the wheel support bearing device and a sensor unit for
the axially acting strain sensor;

FIG.17A is atop plan view of the sensor unit shown in FIG.
16;
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FIG. 17B is a side view of the sensor unit shown in F1G. 16;

FIG. 18 is a sectional view showing, on an enlarged scale,
of a sensor mounting portion of the bearing device shown in
FIG. 1, where a radially acting strain sensor of the wheel
support bearing device is mounted;

FIG. 19 is a front elevational view showing an outer mem-
ber of the wheel support bearing device and a sensor unit for
the radially acting strain sensor;

FIG. 20A is atop plan view of the sensor unit shown in FI1G.
19;

FIG. 20B is a bottom plan view of the sensor unit shown in
FIG. 19;

FIG. 21 is a block diagram showing another control sys-
tem;

FIG. 22 is a block diagram showing still another control
system,

FIG. 23 is a sectional view showing a wheel support bear-
ing assembly and a speed reducing mechanism, both
employed in the sensor equipped and in-wheel motor incor-
porated bearing device for the support of the vehicle wheel,
which is designed in accordance with a second preferred
embodiment of the present invention, and an enlarged sec-
tional view showing the mounting portion for the rotation
detecting device employed in the bearing device;

FIG. 24 is a sectional view showing a wheel support bear-
ing assembly and a speed reducing mechanism, both
employed in the sensor equipped and in-wheel motor incor-
porated bearing device for the support of the vehicle wheel,
which is designed in accordance with a third preferred
embodiment of the present invention, and an enlarged sec-
tional view showing the mounting portion for the rotation
detecting device employed in the bearing device; and

FIG. 25 is a sectional view showing a wheel support bear-
ing assembly and a speed reducing mechanism, both
employed in the sensor equipped and in-wheel motor incor-
porated bearing device for the support of the vehicle wheel,
which is designed in accordance with a fourth preferred
embodiment of the present invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

FIGS. 1 to 22 illustrate a first preferred embodiment of the
present invention. The summary of this embodiment will first
be described with particular reference to FIG. 1. A sensor
equipped and in-wheel motor incorporated wheel support
bearing device shown therein includes a wheel support bear-
ing assembly A for rotatably supporting a hub for a vehicle
drive wheel 70, an electric drive motor B as a rotary drive
source, a speed reducing mechanism C for reducing and
transmitting the rotational velocity of the electric drive motor
B, and a brake D for applying a braking force to the hub. All
of those component parts A, B, C and D are arranged on a
center axis O. It does not necessarily means that all of those
component parts are directly attached to the center axis O, but
means that all of those component parts work functionally
relative to the center axis O. It is to be noted that hereinafter
in this specification, terms “outboard” and “inboard” are to be
understood as representing one side of the vehicle body away
from the longitudinal center of the vehicle body and the other
side of the vehicle body close to the longitudinal center of the
vehicle body, respectively, when assembled in the vehicle
body.

As shown in FIG. 2, the wheel support bearing assembly A
includes an outer member 1 having an inner periphery formed
with a plurality of rows of rolling surfaces 3, an inner member
2 having rolling surfaces 4 defined therein in face to face
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relation with the respective rolling surfaces 3, and rows of
rolling elements 5 interposed respectively between the rolling
surfaces 3 and 4. This wheel support bearing assembly A is of
a double row angular contact ball bearing type, in which the
rolling elements 5 are comprised of balls that are retained by
a ball retainer 6 employed for each row. The rolling surfaces
3 and 4 referred to above represent an arcuately sectioned
shape and are so formed as to have respective ball contact
angles held in back-to-back relation to each other. Opposite
inboard and outboard ends of a bearing space delimited
between the outer member 1 and the inner member 2 are
sealed by respective sealing members 7 and 8.

The outer member 1 servers as a stationary raceway ring.
The outer member 1 is also of one piece structure including a
flange 1a, formed in an outer periphery thereofand adapted to
be secured to a casing 33 of the speed reducing mechanism C.
The flange 1a has a bolt insertion hole 14 defined therein at a
plurality of locations spaced from each other in a circumfer-
ential direction. This outer member 1, when a mounting bolt
15 inserted through the bolt insertion hole 14 in the flange 1a
is threaded into an internally threaded hole 334 defined in the
casing 33, is secured to the casing 33.

The inner member 2 serves as a rotatable raceway ring. The
inner member 2 includes a hub ring 9, having a hub flange 9a
for the support of a vehicle drive wheel 70 and a brake ring 46,
and an inner ring 10 mounted on an outer periphery of an
inboard end of a hub axle 95 of the hub ring 9. The rows of the
rolling surfaces 4 referred to previously are formed respec-
tively in the hub ring and the inner ring 10. The outer periph-
ery of the inboard end of the hub ring 9 is radially inwardly
depressed to define an inner ring mounting surface area 12 of
a reduced diameter, and the inner ring 10 is mounted on this
inner ring mounting surface area 12. The hub ring 9 has a
center bore 11 defined therein at the center thereof. The hub
flange 9a is provided with a press fitting holes 17 respectively
defined ata plurality of circumferentially spaced locations for
receiving therein hub bolts 16. At a root portion of the hub
flange 94 of the hub ring 9, a cylindrical pilot portion 13 for
guiding the vehicle drive wheel 70 and the brake ring 46
protrudes therefrom towards the outboard side. This pilot
portion 13 has an inner periphery, to which a cap 18 for
closing an outboard end of the center bore 11 is secured. It is
to be noted that the hub ring 9 referred to above and herein-
after corresponds to the term “hub” referred to in the
appended claims.

The electric drive motor B is of a radial gap type having a
radial gap delimited between a stator 23, secured to a tubular
casing 22, and a rotor 25 mounted on an output shaft 24 as
shown in FIG. 1. The output shaft 24 is supported inside the
casing 22 by means of two bearings 26.

As shown in FIGS. 2 and 3, the speed reducing mechanism
C is structured as a cycloid reduction gear mechanism. In
other words, this speed reducing mechanism C is of a struc-
ture, in which two curved plates 34a and 345, each having its
contour represented by a smoothly waved trochoidal curve,
are mounted on respective eccentric portions 32a and 325 of
an input shaft 32 through associated bearings 35; respective
eccentric motions of those curved plates 34a and 34b are
guided on an outer peripheral side by means of a plurality of
outer pins 36 bridged between an inboard end wall and an
outboard end wall of a casing 33; and a plurality of inner pins
38 fitted to an output shaft 37 splined to the center bore 11 of
the hub ring 10 for rotation together therewith are inserted
into the corresponding number of throughholes 39 defined
inside of each of the curved plates 34a and 34b. The input
shaft 32 is splined to an output shaft 24 of the electric drive
motor B for rotation together therewith. It is to be noted that
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the input shaft 32 is supported by an inner diametric surface of
the output shaft 37 and a bearing 40. Also, the trochoidal
curve represented by the contour of each of the curved plates
34a and 34b is preferably a cycloid curve, but any other
trochoidal curve may be employed. The term “cycloid reduc-
tion gear mechanism” referred to hereinabove and hereinafter
is used to encompass a trochoidal speed reducing mechanism.

When the output shaft 24 of the electric drive motor B
rotates, the curved plates 34a and 345 fitted to the input shaft
32 rotatably together with the output shaft 24 undergoes an
eccentric motion. The eccentric motion of those curved plates
34a and 345 is transmitted, as a rotary motion, to the inner
member 2, which is the hub of the vehicle wheel through the
engagement between the inner pins 38 and the throughholes
39. Relative to the rotation of the output shaft 24, the rotation
of the inner member 2 is reduced in velocity. By way of
example, a single stage cycloid speed reducing mechanism is
capable of providing a reduction gear ratio of 1/10 or higher.

The two curved plates 34a and 344 referred to above are
mounted on the respective eccentric portions 32a and 325 of
the input shaft 32 in a manner displaced 180° in phase relative
to each other so that the respective eccentric movements can
be counterbalanced with each other. Counterweights 41 are
mounted on respective sides of each of the curved plates 34a
and 345 in a manner displaced in a direction counter to the
direction of eccentricity of the respective eccentric portions
324 and 324 so that vibrations induced as a result of the
eccentric movements of the curved plates 34a and 345 can be
counterbalanced.

Referring to FIG. 4, bearings 42 are mounted on the outer
pins 36, respectively, each having an outer ring 42a, and
bearings 43 are mounted on the inner pins 38, respectively,
each having an outer ring 43a. The outer rings 42a of the
bearings 42 revolve around the outer peripheries of the curved
plates 34a and 345 in contact therewith while the outer rings
43a of the bearings 43 revolve around inner peripheries of the
throughholes 39, respectively, in contact therewith. Accord-
ingly, it is possible to smoothly transmit the eccentric motions
of the curved plates 34a and 3454 to the inner member 2 as a
rotary motion while the contact resistance, developed
between each of the outer pins 36 and the outer periphery of
each of the curved plates 34a and 345, and the contact resis-
tance, developed between each of the inner pins 38 and the
inner periphery of each of the throughholes 39, are reduced.

As shown in FIG. 5, the brake D is an electrically powered
brake of a kind which includes an actuating unit 48, com-
prised of the brake ring 46, which is fitted to the hub flange 9a
together with the vehicle drive wheel 70 shown in FIG. 1, and
brake pads 47 frictionally engageable with the brake ring 46,
and a drive unit 49 for actuating the brake pads 47. The brake
D also utilizes a brake dedicated electric motor 50 with the
drive unit 49 serving as a drive source therefor. The brake ring
46 is comprised of a brake disc. The brake pads 47 are pro-
vided in a pair so as to sandwich the brake ring 46. One of the
brake pads 47 is fixed to a brake frame 51 and the other of the
brake pads 47 is fitted to a selective advancing and retracting
member 52 linearly reciprocatingly movably installed on the
brake frame 51. The direction of selective advance and retrac-
tion of the selective advancing and retracting member 52 lies
in a direction confronting the brake ring 46. This selective
advancing and retracting member 52 is refrained from rotat-
ing relative to the brake frame 51.

The drive unit 49 includes the previously described brake
dedicated electric motor 50 and a ball screw mechanism 53
for translating the rotary output of the electric motor 50 into a
linear reciprocating motion, which is in turn transmitted to the
brake pad 47 as a braking force, and the output of the electric
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motor 50 is transmitted to the ball screw mechanism 53
through a speed reducing and transmitting mechanism 58.
The ball screw mechanism 53 includes a screw shaft 54 which
is only rotatably supported by the brake frame 51 through
bearings 57, and a nut 55 which is fixed on the selective
advancing and retracting member 52. It is to be noted that the
selective advancing and retracting member 52 and the nut 55
may be of one piece construction, in which the both are
integrally formed with each other.

The ball screw mechanism 53 includes the screw shaft 54
and the nut 55, and a plurality of balls 56 interposed between
screw grooves which are formed so as to confront an outer
peripheral surface of the screw shaft 54 and an inner periph-
eral surface of the nut 55. The nut 55 includes a circulating
unit (not shown) for recirculating the balls 56, interposed
between the screw shaft 54 and the nut 55, along an endless
path. The circulating unit may be of either an external circu-
lating type, which utilizes a return tube or a guide plate, or an
internal circulating type, which utilizes an end cap or bridges.
Also, because this ball screw mechanism 53 is used to recip-
rocally move over a small distance, the ball screw mechanism
53 may be a type with no circulating unit employed, for
example, a retainer type in which the plurality of balls 56
between the screw shaft 54 and the nut 55 are retained by a
retainer (not shown).

The speed reducing and transmitting mechanism 58
referred to above is a mechanism for reducing in speed and
transmitting the rotation of the brake dedicated electric motor
50 to the screw shaft 54 of the ball screw mechanism 53 and
is made up of a gear train. This speed reducing and transmit-
ting mechanism 58 employed in the practice of the embodi-
ment now under discussion includes a gear 59 provided on an
output shaft of the electric motor 50, and a gear 60 provided
on the screw shaft 54 and meshed with the gear 59. The speed
reducing and transmitting mechanism 58, other than that
described above, may be of a type made up of, for example, a
worm and a worm wheel (both not shown).

The brake D referred to above also includes an operating
unit 62 for controlling the electric motor 50 in accordance
with the operation of an operating member 61 such as, for
example, a brake pedal. This operating unit 62 is provided
with an anti-lock control section 65 and is comprised of the
operating member 61 referred to above, a sensor 64 capable of
detecting the amount of operation of and the operating direc-
tion of the operating member 61, and a control device 63 for
controlling the electric motor 50 in response to a detection
signal of the sensor 64. The anti-lock control section 65
referred to above is provided in this control device 63. The
control device 63 also includes a section of generating a
motor control signal and a motor drive circuit (both not
shown) capable of controlling a motor current in response to
the generated motor control signal.

The anti-lock control section 65 is a means for avoiding a
rotation lock of the vehicle drive wheel 70, when a breaking
force is applied through the operating member 61, by adjust-
ing a braking force delivered from the electric motor 50 in
accordance with the rotation of the vehicle drive wheel 70.
The anti-lock control section 65 detects the rotational veloc-
ity of the vehicle drive wheel 70 during the above described
braking and performs a process of adjusting the braking force,
that is, a fastening force of the brake pad 47 by, for example,
lowering a driving current of the electric motor 50 or tempo-
rarily generating a reverse rotation output when the rotation
lock or the incipience thereof is detected from the detected
velocity. For the detection of the rotational velocity of the
vehicle drive wheel 70, an output of a rotation detecting
device 101 as will be detailed later is utilized.
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As best shown in FIG. 1, the vehicle drive wheel 70
referred to above is fitted to the hub flange 9a of the wheel
support bearing assembly A together with the above
described brake ring 46. The vehicle drive wheel 70 is of a
type provided with a tire 72 around a wheel 71. In a condition
with the brake ring 46 sandwiched between the hub flange 9a
and the wheel 71, the hub bolt 16 press fitted into the press
fitting hole 17 is threaded to the wheel 71 to thereby fix the
wheel 71 and the brake ring 46 to the hub flange 9a.

FIG. 6 illustrates a block diagram showing a schematic
structure of the rotation detecting device 101 referred to pre-
viously. This rotation detecting device 101 includes a ring
shaped encoder 102 having a plurality of to-be-detected poles
arranged equidistantly in a circumferential direction, a sensor
103 for detecting the to-be-detected poles of the encoder 102
to generate pulses a, a multiplying section 104 for generating
a multiplied pulse b by multiplying the pulse a, generated by
the sensor 103, by a preset multiplication factor N, and a
velocity detecting section 105 for detecting the rotational
velocity of the encoder 102 on the basis of the multiplied
pulse b generated from the multiplying section 104.

The encoder 102 is disposed at a position between the
plural rows of the rolling surfaces 4 and 4 on the outer periph-
eral surface of the inner member 2 of the wheel support
bearing assembly A, best shown in FIG. 2, in a mounted
fashion coaxial relative to the axis of the inner member 2. In
the practice of the embodiment now under discussion, the
sensor 103 is provided on the side of the outer member 1 of the
wheel support bearing assembly A so as to confront the
encoder 102 in a radial direction through a minute gap.

In the example as shown in FIG. 2, in which the encoder
102 is of a radial type, as shown in FIGS. 7A and 7B showing
respectively a half sectional view and a perspective view, the
encoder 102 is in the form of a ring shaped magnetic encoder
having its peripheral surface magnetized with a plurality of
circumferentially equidistantly spaced magnetic pole pairs
(pairs of magnetic poles N and S) 102¢ as the to-be-detected
poles. In the case of FIG. 2, the encoder 102 is constituted by
a core metal 120 having its outer periphery provided with a
multipolar magnet 121 such as, for example, a plastic magnet
or a rubber magnet.

Although the encoder 102 so constructed as shown in and
described with reference to FIGS. 7A and 7B is the radial
type, in which the magnetic pole pairs 102a have been mag-
netized to the peripheral surface, the encoder 102 may be of
an axial type as shown in FIGS. 8A and 8B in a half sectional
view and a perspective view, respectively. In the example of
structure shown in FIGS. 8A and 8B, the plural magnetic pole
pairs 102a are equidistantly arranged and magnetized in the
circumferential direction of a side face of a flanged portion
1124 extending radially outwardly from one end of a cylin-
drical portion 1124 of a ring shaped core metal 112 of, for
example, an L-sectioned shape. In this case, the sensor 103 is
disposed having been oriented in the axial direction so that it
can confront a magnetized surface of the encoder 102. It is to
be noted that the sensor 103 and the multiplying section 104
may be comprised of a plurality of aligned magnetic detecting
elements (not shown) and may have a capability of generating
outputs of a predetermined multiplication number on the
basis of an internal signal generated by calculating an output
of those plural magnetic detecting elements.

A structural portion of the rotation detecting device 101
except for the encoder 102 is integrally formed as a sensor
side unit 111. The sensor side unit 111 is, in the case of the
example shown in FIG. 2, fitted to the outer member 1 of the
wheel support bearing assembly A by inserting it into a sensor
mounting hole 87. The sensor side unit 111 is formed in the
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outer member 1 of the wheel support bearing assembly A so
asto extend radially between the rolling elements 5 and 5, and
the sensor 103 disposed at a tip of the unit 111 is held in fact
to face relation with the above described encoder 102 in a
radial direction through a gap. The sensor mounting hole 87 is
in the form of, for example, a throughhole having, for
example, a round sectional shape. Between an inner periph-
eral surface of the sensor mounting hole 87 and the sensor
side unit 111 is fixedly sealed by means of, for example, a
contact seal such as an O-ring, a bonding agent or a screw.

The sensor side unit 111 of the rotation detecting device
101 has a shaft shaped inserting portion 111a of an outer
diameter substantially in the sensor mounting hole 87 and a
head portion 1115, which is not inserted in the sensor mount-
ing hole 87. The head portion 1115 is disposed in contact with
the outer peripheral surface of the outer member 1. An output
cable 122 is drawn outwardly from the head portion 1115. As
best shown in FIG. 1, this output cable 122 is bundled together
with an output cable 100 of the electric drive motor B and any
other cables, not shown, to provide a single bundled output
cable, which is in turn drawn outwardly from one location.
Accordingly, wiring of the output cables 100 and 122 can be
facilitated and the reliability increases accordingly.

The velocity detecting section 105 referred to previously is
operable, each time the multiplying section 104 generates a
multiplied pulse b, to sequentially detect the average rota-
tional velocity of the encoder 102 during the interval in the
past, in which the latest N pieces of the multiplied pulses b
have been generated. The number N represents the multipli-
cation factor by which the pulses generated in the past have
been multiplied. In this case, the velocity detecting section
105 performs the detection of the rotational velocity with the
use of a multiplying information ¢ outputted from the multi-
plying section 104. The multiplying information ¢ referred to
above means information representative of the status of
operation of the multiplying section 104, which the velocity
detecting section 105 requires in the calculation, such as the
status of the preset multiplication factor. The velocity detect-
ing section 105 is made up of, as specifically shown in FIG. 9,
apulse generating time storage section (memory) 106, a timer
107 and a velocity calculating section 108.

The pulse generating time storage section 106 has a storage
area for storing therein generating times of the respective N
pieces of the multiplied pulses b, where N represents the
previously described multiplication factor N. One example of
structure of the storage area of the pulse generating time
storage section 106 referred to above is shown in FIG. 10.
Referring to FIG. 10, timing t, t,, . . . t,.; and t,, represent
respective generating times of a number N of the multiplied
pulses b. The pulse generating time storage section 106 is a
storage section such as a queue capable of storing the respec-
tive times of the latest N pieces of the multiplied pulses,
where the number N represents the multiplication factor N, in
a first in first out fashion. In order that the oldest storage
content is erased, the storage contents are sequentially shifted
to the subsequent storage areas in the storage area queue
while the latest timing is inputted to the head of the storage
area queue then emptied. The timer 107 counts the generating
time (more specifically, the timing at which the multiplied
pulse sets up) each time a multiplied pulse b is generated, to
thereby cause the pulse generating time storage section 106 to
store it. Accordingly, as hereinabove described, the pulse
generating time storage section 106 is updated so that it can
contain the generating times of the latest N pieces of the
multiplied pulses b, where N represents the multiplication
factor N.
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It is to be noted that the term “timer 107 referred to
hereinbefore and hereinafter is intended to means a time
counting portion and input processing section including a
counting portion having a primary timer function and an input
processing portion by which the time counted by the time
counting portion is inputted to the pulse generating time
storage section 106.

In the velocity calculating section 108, when the current
multiplied pulse is stored in the pulse generating time storage
section 106, as shown in FIG. 10, the difference between the
generating time of the current multiplied pulse b and the
generating time of the N-th latest multiplied pulse b stored in
the pulse generating time storage section 106 is calculated by
a difference calculating unit 108a and, using this difference,
the average rotational velocity referred to previously is cal-
culated by an average velocity calculating unit 1085.

By way of example, referring to FIG. 11 showing an output
waveform of the multiplied pulse b that is continuously gen-
erated, when the generating time t,; of the current multiplied
pulse b is stored in the pulse generating time storage section
106 shown in FIG. 10, in the velocity calculating section 108
the difference between the generating time t,, and the gener-
ating time t, of the N-th latest multiplied pulses b, where N
represents the multiplication factor, that is, ty~t, is calculated
by the difference calculating unit 108a. By using this differ-
ence, the average rotational velocity (angular velocity) v is
calculated in the average velocity calculating unit 1085 as
available from the equation of [v=A0/(t,~t,)]. Where the
parameter AB represents the central angle corresponding to
each magnetic pole pair 102a of the magnetic encoder 102
referred to previously. In other words, assuming that the num-
ber of the magnetic pole pairs 102a (FIGS. 7A and 7B and
FIGS. 8A and 8B) of the magnetic encoder 102 is m, the
parameter AB is a value determined by the following equa-
tion:

AO=360°/m

Similarly, when the generating time t,,, ; of the subsequent
multiplied pulse b is stored in the pulse generating time stor-
age section 106, in the velocity calculating section 108 the
difference between the generating time t,,, ; and the generat-
ing time t, of the N-th latest multiplied pulse, where N rep-
resents the multiplication factor N, is calculated in the differ-
ence calculating unit 108a. Then, the average rotational
velocity v is calculated in the average velocity calculating unit
1085 as available from the equation of [v=A6/(t,, ,-t,)]-

In the multiplied pulse b generated by the multiplying
section 104 there is such a pitch error as shown in FIG. 11, but
an error pattern has such a characteristic as a reproducibility
of'being repeated for each of the magnetic pole pairs 102a of
the encoder 102. Accordingly, as described hereinabove, if
the central angle is detected by, for example, dividing the
central angle A8 ofthe magnetic pole pair 102a by the interval
(for example, t,~t,) of N multiplied pulses b generated by
multiplying the pulse a detected by the sensor 103, variations
resulting from the pitch error are averaged and, as shown by
the symbol A in FIG. 12, an error in detecting velocity can be
minimized. Moreover, the velocity is detected in synchro-
nism with generation of the multiplied pulse b and, therefore,
the detecting resolution can be increased.

In contrast thereto, where the velocity v is calculated as
[v=AB81/T] from the central angle ABi corresponding to a pulse
pitch of a multiplied pulse b, shown in FIG. 11, and the time
interval T of the pulse pitch, a change in error of the detected
velocity is considerable as shown by the symbol B in FIG. 12.

Also, in the rotation detecting device 101 employed in the
practice of this embodiment now under discussion includes,
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as shown in FIG. 6, a rotation pulse output section 109 for
outputting the multiplied pulse, generated by the multiplying
section 104, as a rotation pulse, and a velocity signal output
section 110 for outputting the average rotational velocity,
detected by the velocity detecting section 105, as a velocity
signal. The velocity signal from the velocity signal output
section 110 is outputted in unison with the outputting of the
rotation pulse output section 109. Since both of the rotation
pulse and the velocity signal are outputted, a processing cir-
cuit in the sensor equipped and in-wheel motor incorporated
wheel support bearing device having the rotation detecting
device 101 incorporated therein can be omitted or simplified,
thus accomplishing compactization.

In the construction shown in and described with reference
to FIG. 6, the sensor 103, the multiplying section 104 and the
velocity detecting section 105 may be integrated together by
providing them on either a common sensor chip or acommon
substrate. If so constructed, the rotation pulse and the velocity
signal are outputted from one sensor chip or substrate and,
therefore, the rotation detecting device 101 can be compac-
tized and the signal processing circuit can be omitted.

Since as hereinabove described, in the rotation detecting
device 101, all of the multiplied pulses b, that is, the pulses a
detected by the sensor 103 and multiplied, are used to perform
the velocity detection, the rate of velocity detection, that is,
the sampling number of the velocity detection can be
increased as marked by x markings in the chart of FIG. 13 and
the control response can be enhanced in the control of the
electric motor 50 by the anti-lock control section 65 (shown in
FIG. 5) utilizing the detected velocity v and the control of the
electric drive motor B of the sensor equipped and in-wheel
motor incorporated wheel support bearing device. Also, a
detailed change in velocity can be detected highly accurately.
It is to be noted that blackened triangles represent the change
in detected velocity v appearing when the velocity detection
is performed with no multiplied pulse b used, that is, when
only the pulse a detected by the sensor 103 is used to perform
the velocity detection.

The wheel support bearing device is fixed to the automotive
vehicle (not shown) through a suspension device 73 fitted to
an outer peripheral portion of the casing 22 for the electric
drive motor B. The suspension device 73 is provided with an
attenuating section 74 for attenuating a force, acting on the
point of contact of the vehicle drive wheel 70 with the road
surface and then transmitting it to the automotive vehicle.
This attenuating section 74 may be in the form of, for
example, a damper or a shock absorber and is of a type
capable of being electrically operated to change the degree of
attenuation.

The force acting at the point of contact between the vehicle
drive wheel 70 and the ground surface is a composite of a
force Fx acting in a direction parallel to the direction of travel,
a force Fy acting in a direction parallel to the axis of the
vehicle drive wheel and a force Fz acting in the vertical
direction, all of those forces acting in respective directions
perpendicular to each other. The wheel support bearing
device is provided with respective sensors for individually
detecting those forces acting in three axis directions. The
force Fx acting in the direction parallel to the direction of
travel can be determined from an output of a current sensor 80
for detecting an electric current value I of the electric drive
motor B. The force Fy acting in the direction parallel to the
axis of the vehicle drive wheel can be determined from an
output of an axially acting strain sensor 81, best shown in
FIG. 1, for detecting an axially acting strain ey of the outer
member 1, which is a stationary raceway ring of the wheel
support bearing assembly A. The vertically acting force Fz
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can be determined from an output of a radially acting strain
sensor 82, best shown in FIG. 1, for detecting a radially acting
strain €z of the outer member 1, which is the stationary
raceway ring of the wheel support bearing assembly A.

As shown in FIG. 14, the rotation detecting device 101 is
connected with a contact condition detecting section 90. This
contact condition detecting section 90 is a section for calcu-
lating a change in rotational velocity detected by the rotation
detecting device 101 and then outputting information
descriptive of a contact condition exhibited between the
vehicle drive wheel 70 and the road surface, and is provided
in, for example, an electric control unit (ECU) 85 of the
automotive vehicle. The contact condition detecting section
90 includes a load estimating section 83 for processing the
respective outputs of the sensors 80, 81 and 82 and an abnor-
mality determining section 84. The load estimating section 83
estimates a force, acting on the point of contact of the vehicle
drive wheel 70 from the respective outputs of the sensors 80,
81 and 82. The contact condition detecting section 90 may be
of a type incorporated in an electronic circuit device (not
shown) such as a circuit substrate provided for each of the
wheel support bearing device. The electric drive motor B, the
electric motor 50 for the brake D and the attenuating section
74 for the suspension device 73 are connected with an output
side of the electric control unit 85.

The contact condition detecting section 90 is also con-
nected with, in addition to the rotation detecting device 101,
atorque sensor 130 for detecting a drive torque of the electric
drive motor B and a braking force sensor 88 for detecting a
brake force, that is, a braking force exerted by the brake D.
The contact condition detecting section 90 is so configured
that the information descriptive of the contact condition can
be outputted by the use of, in addition to the change in rota-
tional velocity, respective estimated values or measured val-
ues of the drive torque of the electric drive motor B and the
brake force.

Since the amount of the electric current flowing through the
electric drive motor B differs depending on the magnitude of
the action force in the direction of travel, acting on the point
of contact between the vehicle drive wheel 70 and the road
surface, the magnitude of the above described action force
can be calculated if a relation between the action force and the
amount of the electric current has been determined by means
of a series of experiments and/or simulations. The load esti-
mating section 83 referred to above is operable to calculate
the traveling direction force, then acting on the point of con-
tact between the vehicle drive wheel and the road surface,
from the output of the current sensor 80 in reference to the
relation between the action force and the amount of the elec-
tric current, which has been determined by the experiments
and/or simulations as described above.

Also, since the axially acting strain of the outer member 1,
which is the stationary raceway ring, differs depending on the
magnitude of the action force in the axial direction, acting on
the point of contact between the vehicle drive wheel 70 and
the road surface, the magnitude of the above described action
force can be calculated if a relation between the action force
and the axially acting strain has been determined by means of
a series of experiments and/or simulations. The load estimat-
ing section 83 referred to above is operable to calculate the
axial direction force, then acting on the point of contact
between the vehicle drive wheel and the road surface, from
the output of the axially acting strain sensor 81 in reference to
the relation between the action force and the axially acting
strain, which has been determined by the experiments and/or
simulations as described above.
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Moreover, since a change in radially acting strain of the
outer member, which is the stationary raceway ring, differs
depending on the magnitude of the action force in the vertical
direction, acting on the point of contact between the vehicle
drive wheel 70 and the road surface, the magnitude of the
above described action force can be calculated if a relation
between the action force and the radially acting strain has
been determined by means of a series of experiments and/or
simulations. The load estimating section 83 referred to above
is operable to calculate the vertical direction force, then act-
ing on the point of contact between the vehicle drive wheel
and the road surface, from the output of the radially acting
strain sensor 82 in reference to the relation between the action
force and the radially strain, which has been determined by
the experiments and/or simulations as described above.

Since as hereinabove described, the contact condition
detecting section 90 is so configured as to calculate the
change in rotational velocity of the vehicle drive wheel 70 and
then to output the information descriptive of a condition of the
road surface and/or the contact condition between the vehicle
drive wheel 70 and the road surface, the condition of the road
surface and/or the contact condition can be estimated further
accurately. When the various information so obtained is uti-
lized in controlling the electric drive motor B and in control-
ling the attitude of the automotive vehicle, the safety factor
and the economical efficiency can be increased. By way of
example, in order to facilitate a smooth turn of the automotive
vehicle, the information referred to above is outputted to the
electric drive motor B to control the rotational velocity of the
vehicle drive wheel 70. In order to avoid an occurrence of the
vehicle drive wheel 70 being locked during the braking, the
previously described information is outputted to the electric
motor 50 for the brake D to thereby control the braking. In
order to avoid the tilt of the automotive vehicle largely left-
wards or rightwards during the cornering and also to prevent
the automotive vehicle from pitching forwards or rearwards
during the acceleration or the braking, the above described
information is outputted to the attenuating section 74 for the
suspension device 73 to control the suspension device. The
abnormality determining section 84 outputs an abnormality
signal in the event that the action force acting in the previ-
ously described three axis direction exceeds a tolerance. Even
this abnormality signal can be used in vehicle control of the
automotive vehicle. In addition, if the action force acting
between the vehicle drive wheel 70 and the road surface is
outputted on a real time basis, the further meticulous attitude
control is possible.

Furthermore, since the contact condition detecting section
90 is so configured that information descriptive of the contact
condition can be outputted, in addition to the change in rota-
tional velocity of the vehicle drive wheel 70, with the use of
the estimated or calculated value of the drive torque of the
electric drive motor B and the brake force acting in the brake
D, it is possible to determine the drive condition under which
the change in rotational velocity so obtained is generated.
Accordingly, it is possible to increase the accuracy of estima-
tion of the condition of the road surface and the contact
condition. By way of example, the use of a mapping method
changing section for changing calculation parameters, used
in the load estimating section 83, in dependence on the mag-
nitude of the drive torque makes it possible to estimate the
load further accurately.

The axially acting strain sensor 81 is installed in such a
manner as shown in FIG. 15 to FIGS. 17A and 17B by way of
example. Specifically, as shown in FIGS. 15 and 16, the
axially acting strain sensor 81 is fitted to a sensor mounting
member 92 to provide a sensor unit 91, which is in turn fixed
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to an outer peripheral portion of the outer member 1 of the
wheel support bearing assembly A. The sensor mounting
member 92 includes, as shown in FIGS. 17A and 17B, a first
contact fixing segment 92a, adapted to be fixed in the vicinity
ofthe bolt insertion hole 14 in the outer member 1 in contact
therewith and a second contact fixing segment 925 adapted to
be fixed to the outer peripheral surface of the outer member 1
in contact therewith. The sensor mounting member 92 is of an
L-sectioned shape configuration defined by a radial area 92¢
extending in an radial direction, containing the first contact
fixing segment 92a, and an axial area 92d extending in an
axial direction, containing the second contact fixing segment
92b. The radial area 92¢ has a wall thickness reduced to
provide a rigidity lower than that of the axial area 92d. The
axially acting strain sensor 81 is fitted to the radial area 92¢
where the rigidity is relatively low.

The sensor unit 91 referred to above is fixed to the outer
peripheral portion of the outer member 1 by means of the first
and second contact fixing segments 92a and 925 of the sensor
mounting member 92 so that the first and second contact
fixing segments 92a and 925 may assume respective positions
that lie in the same phase in a circumferential direction of the
outer member 1. If the first and second contact fixing seg-
ments 92a and 925 are held in the same phase in the circum-
ferential direction ofthe outer member 1, the sensor mounting
member 92 can have a reduced length and, therefore, instal-
lation of the sensor unit 91 can be facilitated. The axially
acting strain sensor 81 is fixed to the sensor mounting mem-
ber 92 by the use of, for example, a bonding agent.

The shape of and material for the sensor mounting member
92 are so chosen that when the sensor mounting member 92 is
fixed to the outer member 1, no plastic deformation occurs in
that sensor mounting member 92. Also, the sensor mounting
member 92 is required to have such a shape that no plastic
deformation occurs even when the maximum expected load is
applied to the wheel support bearing assembly A. The maxi-
mum expected force referred to above is the maximum force
expected to occur during the travel which will not lead to a
trouble in the automotive vehicle. Once the plastic deforma-
tion occurs in the sensor mounting member 92, the deforma-
tion of the outer member 1 will not be accurately transmitted
to the sensor mounting member 92 and the strain measure-
ment will be adversely affected.

The sensor mounting member 92 can be prepared by means
of, for example, a press work. If the sensor mounting member
92 is in the form of a press worked product, the cost can be
reduced. The sensor mounting member 92 may be in the form
of a sintered metal product formed by means of a powdery
metal injection molding. The powdery metal injection mold-
ing is one of molding techniques used to make a metallic
compound or an intermetallic compound and includes knead-
ing the powdery metal with a binder, injecting the kneaded
product to form a molded body, degreasing the molded body
and sintering the molded body. According to this powdery
metal injection molding, a sintered body having a high sin-
tering density as compared with the standard powdery met-
allurgy can be obtained and, hence, there are advantages that
the sintered metal product can be manufactured with a high
dimensional accuracy and the mechanical strength is high.

For the axially acting strain sensor 81, any of various types
can be employed. For example, where the axially acting strain
sensor 81 is prepared in the form of a metal foil strain gauge,
and considering the durability of a metal foil strain gauge, it
is preferred that even when the maximum expected load is
applied to the wheel support bearing the amount of strainin a
mounting portion of the sensor mounting member 92, where
the axially acting strain sensor 81 is fitted, may be equal to or
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lower than 1,500 microstrain. By the reasoning similar to that
discussed above, where the axially acting strain sensor 81 is
prepared in the form of a semiconductor strain gauge, the
amount of the strain in the mounting portion is preferably
equal to or lower than 1,000 microstrain. Also, where the
axially acting strain sensor 81 is prepared in the form of a
thick film sensor, the amount of the strain in the mounting
portion is preferably equal to or lower than 1,500 microstrain.

Since the structure is employed in which the sensor unit 91,
made up of the sensor mounting member 92 and the axially
acting strain sensor 81 fitted to such sensor mounting member
92, is fitted to the outer member 1, the sensor for detecting the
axially acting load can be compactized. Since the sensor
mounting member 92 is a simple component part that is fitted
to the outer member 1, mounting of the axially acting strain
sensor 81 on this sensor mounting member 92 makes it pos-
sible to enhance the mass productivity and reduction in cost.

When the load is applied to the inner member 2, whichis a
hub for the vehicle drive wheel 70, by the effect of the axially
acting force acting on the point of contact between the vehicle
drive wheel 70 and the road surface, the outer member 1
deforms through the rolling elements 5 and such deformation
is transmitted to the sensor mounting member 92 secured to
the outer member 1, resulting in deformation of the sensor
mounting member 92. The strain occurring in the sensor
mounting member 92 is measured by the axially acting strain
sensor 81. At this time, the radial area 92¢ of the sensor
mounting member 92 deforms in dependence on deformation
of the flange 1a of the outer member 1. In the case of this
embodiment now under discussion, since the rigidity of the
radial area 92¢ is low as compared with that of the outer
member 1 and since the sensor mounting member 91 is
L-shaped with the radial area 92¢ of a low rigidity and the
axial area 924 of ahigh rigidity, the strain tends to concentrate
in the vicinity of a corner 92¢ on the side of the radial area 92¢
which is between the radial area 92¢ and the axial area 92d
and thus appears as a strain of a larger magnitude than the
outer member 1. In other words, the strain generated between
the radial area 92¢ and the axial area 92d corresponds to the
strain in an R portion 15 at a base end of the flange 1a, which
has been transcribed and amplified. This strain in the outer
member 1 can be detected by the axially acting strain sensor
81 with a high sensitivity and the strain measuring accuracy
increases accordingly. Also, since using the axially acting
strain measured in this way with high accuracy, the action
force in the axial direction, acting at the point of contact
between the vehicle drive wheel 70 and the road surface is
calculated, the calculated axial action force too is highly
accurate.

The radially acting strain sensor 82 is installed in such a
manner as shown in, FIG. 18 to FIGS. 20A and 20B by way of
example. Specifically, as shown in FIGS. 18 and 19, the
radially acting strain sensor 82 is fitted to a sensor mounting
member 94 to form a sensor unit 93, which is in turn fixed to
an outboard side face of the casing 33 for the speed reducing
mechanism C shown in and described with reference to FIG.
1. As shown in FIGS. 20A and 20B, the sensor mounting
member 94 is an elongated member having its tip bent to
represent a hook-like shape, and the radially acting strain
sensor 82 in the form of a displacement sensor is fitted to the
tip of the sensor mounting member 94. A base of the sensor
mounting member 94 is a contact fixing segment 94a that is
secured to the casing 33.

The sensor unit 94 is fitted to the casing 33 when the
contact fixing segment 944 of the sensor mounting member
94 is fixed to the outboard side face of the casing 33. In the
case of this embodiment now under discussion, the radially
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acting strain sensor 82 is in the form of a displacement sensor
of a non-contact type such as, for example, an eddy current
type and is fitted to the sensor unit 93 in a fashion spaced a
predetermined distance from the outer peripheral surface of
the outer member so that an radial displacement occurring in
a radial direction in the outer peripheral surface of the outer
member 1 can be measured. The axial position of the outer
member 1, at which the radially acting strain sensor 82 con-
fronts, is chosen to be, for example, in the vicinity of the
rolling surface 3 of the outboard row or a position on the
outboard side of the rolling surface 3. A portion of the outer
member 1 on the outboard side of the rolling surface 3 tends
to deform in the radial direction relatively considerably to the
load as compared with any other portion of the outer member
1. The sensor mounting member 94 is made of a material
having a rigidity enough to avoid any deformation by the
effect of an external force in a condition in which the sensor
unit 93 is fitted to the casing 33.

For the displacement sensor used as the radially acting
strain sensor 82, other than the eddy current type, any sensor
of' a magnetic type, an optical type, an ultrasonic type or a
contact type, or a sensor of any other type than those listed
above, which is capable of detecting the displacement can be
employed. One of those various sensors can be selected to suit
to various condition.

Since the structure is employed, in which the sensor unit 93
comprised of the sensor mounting member 94 and the radially
acting strain sensor 82 fitted to such sensor mounting member
94 is fitted to the casing 33, the sensor for the detection of the
vertically acting load can be installed compactly. Since the
sensor mounting member 94 is a simple component part that
is fitted to the outer member 1, fitting of the radially acting
strain sensor 82 makes it possible to enhance the mass pro-
ductivity and reduction in cost.

When the load is applied to the inner member 2, which is a
hub of the vehicle drive wheel 70, by the effect of the verti-
cally acting force imposed on the point of contact between the
vehicle drive wheel 70 and the road surface, the outer member
1 undergoes a deformation through the rolling elements 5,
accompanied by a displacement of the outer member 1 in the
radial direction as a result of such deformation and the defor-
mation of the outer member 1 in the radial direction brought
about by such deformation is measured by the radial direction
strain sensor 82 provided in the sensor mounting member 94
fitted to the outboard side of the casing 33 of the speed
reducing mechanism C. Since as compared with the sur-
roundings, the outer peripheral surface of the outer member 1,
which is an object to be measured, is a site which displaces
considerably in the radial direction, the displacement in the
radial direction of the outer member 1 can be measured with
a high sensitivity. Also, the action force in the vertical direc-
tion, acting on the point of contact of the vehicle drive wheel
70 and the road surface is calculated by using the radially
acting strain so measured highly accurately, the vertical
action force so calculated too will be highly accurate.

In the practice of the embodiment now under discussion, a
frequency dividing circuit for dividing the frequency of the
multiplied pulses outputted from the rotation detecting device
101 may be provided in the unit of the electric drive motor B
so that a rotation signal of a high resolution, which can be
obtained with the rotation detecting device 101 can be con-
verted into a rotation signal suited to the resolution used in the
standard ABS (anti-lock brake system). In such case, the high
resolution rotation signal obtained with the rotation detecting
device 101 can be used in the control of the electric drive



US 9,206,850 B2

19

motor B and, hence, any existing vehicle control device can
be utilized with neither modification nor alteration being
made thereto.

Although in describing the foregoing embodiment, refer-
ence has been made to the measurement of the axially acting
strain and the radially acting strain, both occurring in the
outer member 1, with the use of the axially acting strain
sensor 81 and the radially acting strain sensor 82, respec-
tively, arrangement may be made that the axially acting strain
and the radially acting strain, both occurring in any other
component such as, for example, the inner member 2, can be
measured with the use of the axially acting strain sensor 81
and the radially acting strain sensor 82, respectively. Also,
although in describing the foregoing embodiment of the
present invention, reference has been made to the wheel sup-
port bearing assembly A of the third generation type, in which
the inner member forms a portion of the hub, the present
invention can be equally applied to the wheel support bearing
assembly of the first or second generation type, in which the
inner member and the hub of the wheel are separated from
each other. In addition, the present invention can furthermore
be applied to the wheel support bearing assembly of a tapered
roller type regardless of the particular generation type.

By way of example, where the wheel support bearing
device hereinbefore described is provided in each of four
wheels of an automotive vehicle and the four wheels are
independently driven by respective electric drive motors B,
the algorithm for stabilizing the attitude of the automotive
vehicle by detecting the respective numbers of revolutions of
those vehicle drive wheels 70 with the rotation detecting
device 101 of the structure hereinbefore described has to be
configured.

Since this wheel support bearing device hereinbefore
described is of the type employing the electrically powered
brake utilizing the electric motor 50 for driving the brake pad
47, environmental contamination resulting from oil leakage
tending to occur in a hydraulically driven brake can be
avoided. Also, because of the electrically powered brake, the
amount of movement of the brake pad 47 can be quickly
adjusted and the response of the rotational velocity control of
the left and right vehicle drive wheels during the cornering
can be increased.

Also, the wheel support bearing device hereinbefore
described is such that the attenuating section 74 of the sus-
pension system 73 is actuated electrically and, therefore, the
response of suspension control can be increased and the atti-
tude of the automotive vehicle can also be stabilized.

The control system employed in the practice of the fore-
going embodiment has been described in which the action
force Fx acting on the point of contact between the vehicle
drive wheel 70 and the road surface in the direction parallel to
the direction of travel is determined from the output of the
current sensor 80 used to detect the electric current value I of
the electric drive motor B, but arrangement may be so made
that as shown in FIG. 21, the action force Fx acting in the
direction parallel to the direction of travel can be determined
from the output of the brake force sensor 88 used to detect the
brake force ed applied to the brake pad 47 of the brake D.

Since the magnitude of the brake force applied to the brake
pad 47 of the brake D varies depending on the magnitude of
the action force acting on the point of contact of the vehicle
drive wheel 70 with the road surface in the direction parallel
to the direction of travel, the magnitude of the above
described action force can be calculated if the relation
between the action force and the brake force is determined
beforehand by means of a series of experiments and/or simu-
lations. The estimating section 83 can calculate the action
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force, acting on the point of contact between the vehicle drive
wheel and the road surface in the direction parallel to the
direction of travel, by referring to the relation between the
action force in the direction parallel to the direction of travel
and the brake force so determined by means of the experi-
ments and/or simulations.

Also, if as shown in FIG. 22, arrangement is so made that
the action force Fx acting on the point of contact of the vehicle
drive wheel 70 with the road surface in the direction parallel
to the direction of travel can be determined by comparing the
output of the current sensor 80 for detecting the electric
current value I of the electrically driven motor B and the
output of the brake force sensor 88 for detecting the brake
force ed applied to the brake pad 47 of the brake D, the
detecting accuracy of the action force Fx acting in the direc-
tion parallel to the direction of travel can be increased.

Where the brake D is of a hydraulically driven brake, the
strain sensor may be fitted to a member for receiving a load
when a pressing force is applied to the brake pad, such as a
brake caliper, so that the action force acting on the point of
contact between the vehicle drive wheel and the road surface
can be determined from an output of the strain sensor.

Although in the foregoing description, the drive of the
electric drive motor B, the actuation of the brake D and the
operation of the suspension system 73 have been described as
controlled from the respective outputs of the sensors 80, 81
and 82 for measuring the action forces acting on the point of
contact between the vehicle drive wheel 70 and the road
surface in the three axis directions, it is rather desirable in
accomplishing the control faithful to the actual travel if the
above described various controls are performed with the addi-
tional use of a signal from the steering device. Also, the wheel
support bearing device designed according to the present
invention may be installed on some or all of wheels of any
automotive vehicle.

FIG. 23 illustrates a second preferred embodiment of the
present invention. According to this second embodiment, in
the sensor equipped and in-wheel motor incorporated wheel
support bearing device designed according to, and shown and
described in connection with, the first embodiment of the
present invention, the encoder 102 of the rotation detecting
device 101 is provided in an outer periphery of the output
shaft 37 of the speed reducing mechanism C. The encoder 102
in this case is of an axial type similar to that shown in and
described with reference to FIGS. 8 A and 8B. In the encoder
102 a plurality of magnetic pole pairs 102a are equidistantly
arranged and magnetized in the circumferential direction of
that side face of a flanged portion 1125 extending radially
outwardly from one end of a cylindrical portion 1124 of a ring
shaped core metal 112 of, for example, an L-sectioned shape.
With the cylindrical portion 112a of the core metal 112 press
fitted into the outer peripheral surface of the output shaft 37,
the encoder 102 is fitted to the outer periphery of the output
shaft 37 of the speed reducing mechanism C in a fashion with
the side face of the encoder 102 having the magnetic pole
pairs 102 oriented towards the outboard side. The sensor side
unit 111 having the sensor 103 built therein is fitted by inser-
tion into a sensor mounting hole 123 extending radially
through the outboard end of the casing 33 of the speed reduc-
ing mechanism C, so that the sensor 103 disposed at the tip of
the unit 111 can be held radially in face to face relation to the
side face having the magnetic pole pairs 1024 of the encoder
102 with a gap intervening therebetween.

Even in this instance, a gap between the inner peripheral
surface of the sensor mounting hoe 123 and the sensor side
unit 111 is fixedly sealed by means of, for example, a contact
sealing member such as, for example, an O-ring, a bonding
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agent or a screw. Other structural features are similar to those
of'the first embodiment of the present invention hereinbefore
described.

FIG. 24 illustrates a third preferred embodiment of the
present invention. According to this third embodiment, in the
sensor equipped and in-wheel motor incorporated wheel sup-
port bearing device designed according to, and shown and
described in connection with, the second embodiment of the
present invention, the encoder 102 of the rotation detecting
device 101 is provided as a part of the sealing member 8
employed in the wheel support bearing assembly A to seal the
inboard end of the annular space delimited between the outer
member 1 and the inner member 2. In other words, the sealing
member 8 employed in this case is made up of an encoder 102
of an axial type and a separate sealing place 124 slidably
engageable therewith as a slinger. The encoder 102 is fitted to
the outer peripheral surface of the inner ring 10 of the inner
member 2. In this case, the side face having the magnetic pole
pairs 102a of the encoder 102 is so disposed as to confront the
inboard side. The sensor side unit 111 is inserted into and
hence fitted to the sensor mounting hole 123 extending radi-
ally through the outboard end of the casing 33 of the speed
reducing mechanism C. The sensor 103 disposed at the tip of
the unit 111 radially confronts the side face of the encoder
102, where the magnetic pole pairs 102a are magnetized, with
a gap intervening therebetween are similar to those described
in connection with the previously described second embodi-
ment of the present invention with particular reference to FIG.
23.

The sealing plate 124 referred to above is an annular mem-
ber of an L-sectioned configuration including a cylindrical
portion 124a, adapted to be press fitted into the inner periph-
eral surface of the outer member 1, and a radial extending
flanged portion 1245 extending radially inwardly from the
outboard end of the cylindrical portion 124a. The sealing
plate 124 is of one piece construction including a slide lip
125a slidingly engageable with the core metal flanged portion
1124 of the encoder 102 and radial lips 1256 and 125¢ slid-
ingly engageable with the core metal cylindrical portion
112a. Those lips 125a to 125¢ are provided as respective parts
of an elastic member 125 bonded by vulcanization to the
sealing plate 124. The cylindrical portion 124 of this sealing
plate 124 and the core metal flanged portion 1126 of the
encoder 102 are held in face to face relation with a radial gap
intervening therebetween, and such gap forms a labyrinth
seal. Other structural features are similar to those employed in
the first embodiment of the present invention shown in and
described with particular reference to FIGS. 1 to 22.

As hereinabove described, since in this embodiment, the
encoder 102 provided at the inboard end of the inner member
1 of the wheel support bearing assembly A is provided in a
part of the inboard sealing member 8, the rotation detecting
device 101 can be fitted to the inboard end of the wheel
support bearing assembly A without impairing the sealability
at the inboard end of the wheel support bearing assembly A.

FIG. 25 illustrates a fourth preferred embodiment of the
present invention. According to this embodiment, in the sen-
sor equipped and in-wheel motor incorporated wheel support
bearing device designed according to the first embodiment of
the present invention as in FIG. 2, the encoder 102 of the
rotation detecting device 101 is fitted to the outer peripheral
surface of the output shaft 37 of the speed reducing mecha-
nism C and the sensor side unit 111 is provided at the outboard
end of the casing 33 of the speed reducing mechanism C.
Other structural features are similar to those employed in the
first embodiment of the present invention shown in and
described with particular reference to FIGS. 1 to 22.
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It is to be noted that although in describing any one of the
foregoing embodiments of the present invention, the hub has
been shown and described as comprised of the hub ring 9 that
is a component part of, for example, the inner member of the
wheel support bearing assembly, the present invention can be
equally applied to the wheel support bearing device in which
the hub employed as a member separate from the wheel
support bearing assembly is employed.

Although the present invention has been fully described in
connection with the preferred embodiments thereof with ref-
erence to the accompanying drawings which are used only for
the purpose of illustration, those skilled in the art will readily
conceive numerous changes and modifications within the
framework of obviousness upon the reading of the specifica-
tion herein presented of the present invention. Accordingly,
such changes and modifications are, unless they depart from
the scope of the present invention as delivered from the claims
annexed hereto, to be construed as included therein.

REFERENCE NUMERALS

. . . Outer member (Stationary raceway ring)
. . . Inner member (Rotatable raceway ring)
4 ... Raceway surface

.. . Sealing member

9 ... Hub ring (Hub)

37 ... Output shaft of a speed reducing mechanism
70 . . . Vehicle drive wheel

80 . . . Current sensor

81 ... Axially acting strain sensor

82 . .. Radially acting strain sensor

83 ... Load estimating section

88 . . . Braking force sensor

90 . . . Contact condition detecting section

100 . . . Output cable of an electric drive motor

101 . . . Rotation detecting device

102 . .. Encoder

102a . . . Magnetic pole pair

103 . .. Sensor

104 . . . Multiplying section

105 . . . Velocity detecting section

122 . .. Output cable of the rotation detecting device

A ... Wheel support bearing assembly
B ... Electric drive motor

C ... Speed reducing mechanism
D...Brake

What is claimed is:

1. A sensor equipped and in-wheel motor incorporated

bearing device for a vehicle wheel, which device comprises:

a wheel support bearing assembly for rotatably supporting
ahub of a vehicle drive wheel, the wheel support bearing
assembly including an outer member serving as a sta-
tionary raceway ring and an inner member, the outer and
inner members defining a bearing space therebetween,
an inboard end of the annular bearing space being sealed
by a sealing member;

an electric drive motor forming a rotation drive source for
the vehicle drive wheel,

a speed reducing mechanism interposed between the elec-
tric drive motor and the wheel support bearing assembly,
the speed reducing mechanism including a casing to
which the outer member is secured, the casing including
a sensor mounting hole extending radially through the
outboard end thereof; and

a rotation detecting device for detecting the rotation of an
output shaft of the speed reducing mechanism,
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wherein the electric drive motor is arranged at the inboard
side of the wheel support bearing assembly through the
speed reducing mechanism, and

the rotation detecting device is provided in the inboard side
of'the sealing member which is the outside of the bearing
space and includes a sensor side unit fitted by insertion
into the sensor mounting hole, the sensor side unit hav-
ing a sensor at a tip thereof, the sensor being disposed in
an annular space formed between the inboard end of the
stationary raceway ring of the wheel support bearing
assembly and the output shaft of the speed reducing
mechanism.

2. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
wherein the rotation detecting device comprises an encoder
provided in a rotatable raceway ring of the wheel support
bearing assembly or a member secured to such rotatable
raceway ring and having a plurality of to-be-detected mag-
netic poles arranged equidistantly in a circumferential direc-
tion thereof, a sensor provided in a member secured to such
stationary raceway ring for detecting the to-be-detected mag-
netic poles of the encoder to generate pulses, and a multiply-
ing section for multiplying the pulses, generated by the sen-
sor, to form multiplied pulses.

3. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 2,
wherein the rotation detecting device comprises a velocity
detecting section for detecting an average velocity of the
encoder during the interval in the past, in which the latest
pieces of the multiplied pulses have been formed, each time
the multiplying section forms the multiplied pulse, the num-
ber of the pieces of the multiplied pulses being equal to a
multiplication factor.

4. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
further comprising:

a contact condition detecting section for calculating a
change in rotational velocity detected by the rotation
detecting device to output information descriptive of a
condition of contact of the vehicle drive wheel with a
road surface.

5. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 4,
further comprising:

a brake for applying a brake force to the hub of the vehicle
drive wheel, and wherein the contact condition detecting
section is operable, in addition to the calculation of the
change in rotational velocity, to output information
descriptive of the contact condition by utilizing respec-
tive estimated values or respective measured values of a
drive torque of the electric drive motor and a brake force
acting on the brake.

6. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
wherein an output cable extending from the rotation detecting
device and an output cable extending from a control unit of
the electric drive motor are bundled together.
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7. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
wherein an encoder of the rotation detecting device is pro-
vided in an inboard end of the wheel support bearing assem-
bly.

8. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 7,
wherein the encoder of the rotation detecting device is pro-
vided as a part of a sealing member used to seal an inboard end
of'an annular space delimited between a stationary raceway
ring and a rotatable raceway ring, both forming respective
parts of the wheel support bearing assembly.

9. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
wherein an encoder of the rotation detecting device is pro-
vided on an output shaft of the speed reducing mechanism.

10. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
further comprising:

an electric current sensor for measuring a electric current
value of the electric drive motor; and

a load estimating section for estimating a force, acting on
the point of contact of the vehicle drive wheel with a road
surface in a direction parallel to a direction of travel,
from an output of the electric current sensor.

11. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
further comprising:

a brake for applying a brake force to the hub of the vehicle

drive wheel,

a braking force sensor for measuring the brake force
applied to the brake; and

a load estimating section for estimating a force, acting on
the point of contact of the vehicle drive wheel with a road
surface in a direction parallel to a direction of travel,
from an output of the braking force sensor.

12. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
further comprising:

a strain sensor provided in a stationary raceway ring of the
wheel support bearing assembly for measuring a strain
occurring in the stationary raceway ring; and

a load estimating section for estimating, from an output of
the strain sensor, at least a force acting in one axis
direction of forces acting on the point of contact of the
vehicle drive wheel with a road surface in three axis
directions that are perpendicular to each other.

13. The sensor equipped and in-wheel motor incorporated
bearing device for the vehicle wheel as claimed in claim 1,
further comprising:

at least three or more strain sensors provided in a stationary
raceway ring of the wheel support bearing assembly for
measuring strains in the stationary raceway ring; and

a load estimating section for estimating, from respective
outputs of the strain sensors, forces acting on the point of
contact of the vehicle drive wheel with a road surface in
three axis directions that are perpendicular to each other.
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